Kamikawa A, Ishikawa T. Functional expression of a Kir2.1-like inwardly rectifying potassium channel in mouse mammary secretory cells.
ϩ channels in mammary secretory (MS) cells are believed to play a role in transcellular electrolyte transport and thus determining ionic composition of the aqueous phase of milk. However, direct evidence for specific K ϩ channel activity in native MS cells is lacking at the single-cell level. Here, we show for the first time that an inwardly rectifying K ϩ (Kir) channel is functionally expressed in fully differentiated MS cells that were freshly isolated from the mammary gland of lactating mice. Using the standard whole cell patch-clamp technique, we found that mouse MS cells consistently displayed a K ϩ current, whose electrophysiological properties are similar to those previously reported for Kir2.x channels, particularly Kir2.1: 1) current-voltage relationship with strong inward rectification, 2) slope conductance approximately proportional to the square root of external K ϩ concentration, 3) voltage-and time-dependent and high-affinity block by external Ba 2ϩ , and 4) voltage-dependent inhibition by external Cs ϩ . Accordingly, RT-PCR analysis revealed the gene expression of Kir2.1, but not Kir2.2, Kir2.3, and Kir2.4, in lactating mouse mammary gland, and immunohistochemical staining showed Kir2.1 protein expression in the secretory cells. Cell-attached patch recordings from MS cells revealed that a 31-pS K ϩ channel with strong inward rectification was likely active at the resting membrane potential. Collectively, the present work demonstrates that a functional Kir2.1-like channel is expressed in lactating mouse MS cells. We propose that the channel might be involved, at least in part, in secretion and/or preservation of ionic components of milk stored into the lumen of these cells. ion channel; Kir2.1; mammary secretory cell; patch-clamp; lactation MAMMARY GLAND is a unique exocrine gland, which develops after birth and exerts its physiological function exclusively during the period from parturition to weaning. In the prepregnant mammary gland of a nulliparous mammal, primary ducts spread with occasional bifurcations in the subcutaneous adipose tissue, and no acinar structures appear. After the onset of pregnancy, epithelia begin to proliferate and differentiate to form small ductal side branches and acini on their endings. During lactation, the secretory epithelia in both side branches and acini enlarge in size, produce milk fat globules inside the cells, and finally occupy the mammary gland instead of adipocytes (2) . The mammary secretory (MS) cells secrete milk continuously and slowly into the lumens of glandular acini and/or ducts. Milk contains not only organic nutrients such as sugars, lipids, and proteins, but also electrolytes, including Na ϩ , K ϩ , and Cl Ϫ . The primary secretion is stored (and its ionic components may be reabsorbed and thus modified) in the lumens until the sucking juvenile removes it. Although there are some variations among species in the contents of Na ϩ , K ϩ , and Cl Ϫ in the aqueous phase of milk, especially depending upon the lactose content, these ions are believed to be transported across the mammary secretory epithelium at least in part through the transcellular pathway involving the coordinated activities of ion channels and transporters in the basolateral and apical membranes (23, 26, 38) . K ϩ channels play a vital role in diverse cellular functions including epithelial fluid and electrolyte transport primarily by regulating the membrane potential (27, 36, 45) . Previous studies in the lactating mammary gland, at least in some species, have shown that the basolateral membranes of MS cells not only express Na ϩ -K ϩ -ATPase (16) , but are also permeable to K ϩ , suggesting the expression of K ϩ channels (22) . Some MS cells also display a loop-diuretic-sensitive, basolateral Na ϩ -K ϩ -2Cl Ϫ symport that accumulates Cl Ϫ into the cytosol above the predicted electrochemical equilibrium (37) . Therefore, K ϩ channels at the basolateral membranes of MS cells would not only mediate a pathway, through which K ions transported into the cells by the Na ϩ -K ϩ -ATPase and Na ϩ -K ϩ -2Cl Ϫ symporter are recycled, but would also hyperpolarize the membrane potential to provide the driving force for the apical Cl Ϫ efflux into the lumen. Likewise, K ϩ channels in the apical membrane would be supportive for apical Cl Ϫ secretion and for apical K ϩ secretion and Na ϩ absorption that might occur in mammary epithelial cells (3, 31) . In line with these potential roles of K ϩ channels, previous patch-clamp studies have identified a Ca 2ϩ -activated K ϩ current in mouse mammary secretory epithelial cells (of acinar cell origin) in primary culture (6, 8) . The K ϩ current was blocked by external charybdotoxin, but not by apamin (6) , and at the single-channel level it had a unitary conductance of 40 pS with a high-K ϩ pipette solution and was blocked by internal TEA and Ba 2ϩ , and its gating was voltage independent (8) . Therefore, some of these properties appeared to be similar to those reported for cloned K Ca 3.1 (5, 13, 15) . A K Ca 3.1-like, Ca 2ϩ -activated K ϩ channel has been also shown to be present in both the basolateral and apical membranes of an immortalized cell line derived from human mammary epithelial cells (21, 31) , which are supposed to have properties of ductal epithelial cell (21) . Nevertheless, it remains unknown whether other types of K ϩ channel are expressed in mammary epithelial cells. Furthermore, little information is available particularly about functional K ϩ channel in native MS cells that might be constitutively active and thus support the continuous and slow transport of salts and water in mammary gland.
In this work, we used the whole cell patch-clamp technique to show that an inwardly rectifying K ϩ (Kir) conductance, whose electrophysiological properties match those reported for Kir2.x, especially Kir2.1, is present in fully differentiated secretory cells freshly isolated from mammary glands of lactating mice. We also used RT-PCR, Western blot, and immunohistochemical staining to reveal that Kir2.1 is a molecular candidate that may encode the K ϩ conductance. Moreover, we performed single-channel recordings in the cell-attached patch configuration to show that a 31-pS K ϩ channel possibly underlying the whole cell Kir conductance is likely active at the resting membrane potential of unstimulated, intact MS cells. Finally, we examined the effect of pharmacological inhibition of Kir currents on the cell potentials of MS cells with whole cell current clamp. Our work provides the first evidence at the single-cell level for functional expression of Kir2.1-like K ϩ channels in native MS cells and proposes possible roles of the channel in lactation.
MATERIALS AND METHODS

Animals.
Experimental procedures and animal care were carried out in accordance with the guidelines of animal care and use from Obihiro University of Agriculture and Veterinary Medicine and were approved by the university committee for the care and use of laboratory animals. Female and male C57BL/6J mice obtained from Nihon SLC (Shizuoka, Japan) and their offspring were used for the experiment. The mice were housed at 22°C with a 12:12-h light-dark cycle and given food and water ad libitum.
Cell preparation for patch clamp. To obtain the lactating mammary epithelial cell, nulliparous female mice (10 -17 wk old) were mated with male mice, and the postpartum mice were allowed to raise litters until the day of the cell preparation. The averaged litter size was 7.5 Ϯ 0.2 (ranging from 3 to 11, n ϭ 64) in this experiment. Dams were killed by cervical dislocation at days 11-18 of lactation (15.4 Ϯ 0.2, n ϭ 64) and their abdominal and/or thoracic mammary glands were collected. The mammary glands were minced with scissors in a digestion buffer, which is a nominally divalent cation-free standard bath solution containing (in mM) 145 NaCl, 5 KCl, 10 HEPES, 10 glucose, and 4.6 NaOH at pH 7.4 supplemented with collagenase (type I, 300 U/ml; Wako, Osaka, Japan) and hyaluronidase (100 U/ml; Sigma-Aldrich, St.Louis, MO). The minced tissue in the digestion buffer was gassed with 100% O 2 and incubated for 30 min at 37°C in a shaking water bath. After gentle trituration with a pipette, the tissue was incubated once more for 30 min in the fresh digestion buffer. The digested tissue was filtered through 100-m nylon mesh, then centrifuged (40 g, 5 min) and washed three times with the divalent cation-free standard bath solution. The filtrate that contained isolated single epithelial cells and small clumps of the cells with a diameter of ϳ25 m (Fig. 1, A and B) was resuspended in the divalent cation-free standard bath solution and stored at 4°C. These cells, which could not be obtained from prepregnant mammary glands (data not shown), were designated as mammary secretory (MS) cells in the present study.
Patch-clamp experiment. The cell preparations described above were used for the patch-clamp analyses within 8 h after isolation. The cells were plated out onto a noncoated borosilicate cover glass (Matsunami Glass Industry, Osaka, Japan) in a chamber mounted on an inverted microscope and were allowed to attach to the glass for a few minutes. Attached cells were initially superfused with the standard bath solution (in mM): 145 NaCl, 5 KCl, 10 HEPES, 10 glucose, 1 CaCl 2, 1 MgCl2 and 4.6 NaOH at pH 7.4. Current recordings were made with an EPC7 amplifier (HEKA Electronik, Lambrecht, Germany) in the whole cell and cell-attached configurations of the patch-clamp technique (9) . Patch-clamp pipettes were pulled from glass capillaries (G-1.5; Narishige, Tokyo, Japan) using a vertical puller (model PP-830; Narishige) so as to have resistances of 5 6.6) or Tris (for pH 8.2) was used instead of HEPES. The reference electrode was an Ag-AgCl electrode, which was connected to the bathing solution via an agar bridge filled with the standard bath solution described above.
The whole cell and single-channel currents were filtered at 1 kHz and 500 Hz, respectively, with an internal four-pole Bessel filter, sampled at 2 kHz and stored directly on the computer's hard disk through the PowerLab (AD Instruments, Sydney, Australia). For whole cell current measurements, the amplifier was driven by Scope Ϫ7 M free Ca 2ϩ and the standard bathing solution containing 5 mM K ϩ . The membrane potential was held at Ϫ48 mV at resting. Whole cell currents were evoked by 800-ms voltage ramps from Ϫ108 to ϩ48 mV (C) and by 400-ms voltage steps from Ϫ128 to ϩ42 mV at 10-mV intervals (D), as indicated.
software (AD Instruments) to allow the delivery of voltage-step or voltage-ramp protocol with concomitant digitization of the current. Membrane potential was held at Ϫ40 mV at resting. Current-voltage (I-V) relations were studied using a 400-ms step pulse (commanded from Ϫ120 mV to ϩ20 or ϩ50 mV, with 10-mV and 3-s intervals) or a 800-ms ramp pulse (commanded from Ϫ100 mV to ϩ50 mV). In experiments, where the effects of extracellular Ba 2ϩ were examined, 2.5-s step pulses at Ϫ100 mV from the resting potential at 0 mV were commanded. The capacitance transient current was compensated. The cell capacitance was 21.8 Ϯ 0.5 pF (n ϭ 84). The average series resistance (R s), which was 18.8 Ϯ 0.6 M⍀ (n ϭ 84), was not electrically compensated because the high-level (typically more than 50%) electrical compensation caused instability of the monitored current in our experimental condition. In the figures showing the I-V relationships (see Figs. 1-4) , the voltages were not corrected for the voltage decrease across the R s. Therefore, the conductances of currents in the nanoampere range were seemingly underestimated as a result of this error. However, when reversal potentials and slope conductances were estimated from the slope of I-V relationships (i.e., Fig. 2D ), the actual membrane voltages were determined by subtracting the dropped voltage from commanded voltage. For data analysis and/or graphical display, the digital data obtained from whole cell patch-clamp analysis was processed with the spreadsheet software (Microsoft Excel; Microsoft, Redmond, WA) and the data analysis software (Igor Pro; WaveMetrics, Lake Oswego, OR). Single-channel data were acquired with LabChart software (AD Instruments), and the amplitude of unitary current was measured manually. Traces of single-channel currents were plotted in graph with Igor Pro software after being processed with Excel software. Zero-current voltages were measured with current-clamp mode in whole cell configuration, and the voltage data were filtered at 500 Hz and sampled at 1 kHz. Obtained data were processed with Igor Pro and Excel software. The pipette potential was corrected for the liquid junction potential between the pipette solution and the external solution, and between the external solution and the agar bridge, as described elsewhere (29) .
BaCl 2 (dissolved in pure water at 1 M), CsCl (dissolved in pure water at 1 M), and clotrimazole (dissolved in DMSO at 1 mM) were appropriately diluted by bath solution containing 5, 30, 90, or 154 mM K ϩ . When TEA-Cl (1 mM) was used, equimolar NaCl (1 mM) was removed from the bath solution. Chemicals employed were of reagent grade. TEA-Cl, clotrimazole, HEPES, MES, Tris, and EGTA were obtained from Sigma-Aldrich.
All experiments were performed at room temperature. Bath solution changes were accomplished by gravity feed from reservoirs. The results are reported as means Ϯ SE of independent experiments (n), where n refers to the number of cells patched.
Data analysis for Ba 2ϩ block. The effect of Ba 2ϩ (10 Ϫ3 and 10 Ϫ4 , 10 Ϫ5 , 10 Ϫ6 , or 10 Ϫ7 M) was examined on whole cell currents recorded at Ϫ108 mV in a 2.5-s step pulse in a 90 mM K ϩ bath solution. The unblocked fractional current (If) was calculated as: 
where h is the Hill coefficient, [Ba 2ϩ ] is the molar concentration of Ba 2ϩ applied, and Kd is the concentration at which one-half of the current is blocked.
Analysis of mRNA expression. Abdominal mammary glands were collected from female C57BL/6J mice (10 -18 wk old) at prepregnant and day 15 of lactation. After removal of lymph nodes in mammary glands, the mammary glands were immersed in RNAlater (Life Technologies, Carlsbad, CA) and stored at Ϫ30°C until used. From the mammary glands homogenized by vigorous agitation with a zirconia bead (Micro Smash; TOMY, Tokyo, Japan), total RNA was extracted with TRIzol (Life Technologies) and purified with RNA clean-up kit (RNeasy; QIAGEN, Hilden, Germany) according to the manufacturer's protocols. The cleaned-up RNA (2 g) and 1 g of oligo(dT) primer were treated at 70°C for 5 min and reverse transcribed using 200 units of Moloney murine leukemia virus reverse transcriptase (Promega, Madison, WI), 24 units of RNase inhibitor, and 12.5 nmol of dNTPs in a total volume of 25 l at 42°C for 1 h. After heating at 94°C for 5 min, PCR amplification was performed with 0.625 units of Taq polymerase (Promega), 37.5 nmol MgCl 2, 5 nmol of dNTPs, and 25 pmol of sense and antisense primers specific for the respective genes in a total volume of 25 l. The sense and antisense primers used are listed in Table 1 . Samples were subjected to 94°C for 2 min followed by 30 cycles of 30 s at 94°C, 30 s at 57°C, and 30 or 60 s at 72°C, and finally incubated at 72°C for 5 min. PCR products were electrophoresed on 2% agarose gels containing ethidium bromide.
Immunohistochemical analysis. Abdominal mammary glands collected from female C57BL/6J mice (12-18 wk old) at day 15 of lactation were fixed in 4% paraformaldehyde, embedded in paraffin, and sliced into 5-m-thick slices. Using the immunostaining kit (Histofine Simple Stain Mouse MAX-PO [M]; Nichirei, Tokyo, Japan) and anti-Kir2.1 mouse monoclonal antibody (1:200 dilution in PBS; Abcam, Cambridge, UK), Kir2.1 in the sliced section was visualized. In brief, deparaffinized and rehydrated sections were heated in 1 mM EDTA (pH 8.0) solution at 121°C for 10 min for antigen retrieval, and incubated in methanol containing 3% H 2O2 for 30 min at room temperature to inactivate the intrinsic peroxidase. According to the manufacturer's instructions, the sections were sequentially incubated in the blocking solutions, the primary antibody (4°C, overnight), the peroxidase-conjugated secondary antibody, and diaminobenzidine as a substrate. The sections were counterstained with hematoxylin, dehydrated by ethanol, and cleared by xylene. The mounted sections were microscopically observed.
Western blot analysis. Abdominal and thoracic mammary glands of lactating C57BL/6J mice (18 -22 wk old, at days 13-17 of lactation) were enzymatically digested according to the above-mentioned protocol. The digested cells were resuspended in 0.25 M sucrose solution containing protease inhibitor cocktail (cOmplete; Roche, Manheim, Germany) and homogenized with Potter-Elvehjem grinder on ice. The homogenate was centrifuged at 9,000 g for 10 min at 4°C and the supernatant was additionally centrifuged at 100,000 g for 90 min at 4°C. The supernatant was collected as a cytosolic fraction and the precipitant was solubilized in a buffer for membrane protein (CellLyEx MP; TOYO B-Net, Tokyo, Japan) as a microsomal fraction. The protein concentrations of the cytosolic and microsomal fractions were determined by the method of Lowry et al. (25) using BSA as a standard. The proteins in the microsomal fraction were deglycosylated by incubation at 37°C for 20 h with 2.5 mU of glycopeptidase F (Takara Bio, Otsu, Japan). Aliquots of the lysate were separated by SDS-PAGE and transferred on polyvinylidene difluoride (PVDF) membranes (Millipore, Bedford, MA). The membranes were incubated first in a blocking buffer [20 mM Tris/HCl (pH 7.4), 150 mM NaCl containing 0.1% Tween 20 and 5% (wt/vol) skimmed milk], then in the buffer containing the anti-Kir2.1 antibody (1:4,000 dilution in blocking buffer) at 4°C overnight. The bound antibody was detected with horseradish peroxidase (HRP)-linked anti-mouse immunoglobulin (1:4,000 dilution in blocking buffer; GE Healthcare, Little Chalfont, UK) and an enhanced chemiluminescence HRP Substrate (Wako) on X-ray film.
RESULTS
Expression of strongly inwardly rectifying K
ϩ currents in mouse MS cells. We used the standard whole cell patch-clamp technique to identify functional K ϩ channels in acutely dissociated, single mouse mammary secretory (MS) cells (Fig. 1, A  and B) . (Fig. 1, C and D) . The current appeared to be composed of at least two different components, because whole cell dialysis with a pipette solution containing Ͻ1 nM free [Ca 2ϩ ] abolished a linear component at potentials more positive than about Ϫ80 mV with little effect on an inwardly rectifying one at potentials more negative than Ϫ80 mV (Fig. 2, A and B) . Under these experimental conditions, the inwardly rectifying whole cell current was observed in all cells tested (n ϭ 84), albeit with some variations in current density. When extracellular K ϩ concentration ([K ϩ ] o ) was raised from 5 to 90 mM, the inward current increased and its reversal potential shifted toward the positive direction (Fig. 2, A and B) . (Fig. 2D) . ). In our preliminary experiments, replacement of Na ϩ by impermeable monovalent cation (NMDG ϩ ) in the bath solution containing 5 mM K ϩ shifted the reversal potentials of the whole cell currents to the hyperpolarized direction as much as 15 mV, suggesting the presence of Na ϩ channels and/or nonselective cation channels in MS cells. Therefore, to ensure that the inward current was solely carried by K ϩ ions, we took advantage that it was highly sensitive to external Ba 2ϩ (see Fig. 3 , A-C), and subsequently estimated the reversal potentials of the Ba 2ϩ (10 (Fig. 2, E and F) . The Ba 2ϩ -sensitive K ϩ current displayed a strong inward rectification, namely a large inward current at potentials negative to E K and a small outward current at potentials positive to E K (Fig. 2, E and F (Fig. 3,  A-C) . Figure 3A demonstrates that extracellular Ba 2ϩ (10 Ϫ4 M) strongly and reversibly inhibited the inward current. The Ba 2ϩ inhibition was evidently dose-and time-dependent (Fig.  3B) . The plots of the unblocked fractional current (I f ) (see Eq. 1) as a function of [Ba 2ϩ ] o were fitted with the Hill equation (see Eq. 2) (Fig. 3C) . The K d value and the Hill coefficient (h) were 5.1 M and 1.4, respectively, when the voltage was commanded at Ϫ100 mV. Moreover, the fractional Ba 2ϩ (10 Ϫ5 M)-sensitive currents measured at command voltages of Ϫ100 mV and Ϫ50 mV in the same cells were 0.72 Ϯ 0.06 and 0.56 Ϯ 0.08, respectively, suggesting that Ba 2ϩ block of the current was voltage dependent. The voltage dependence of the Ba 2ϩ inhibition could not be investigated in detail because the currents often showed rundown.
Other pharmacological fingerprints of Kir2.x channels include the time-independent and voltage-dependent block by external Cs ϩ (11, 18, 19) . Kir currents in MS cells were indeed inhibited by external Cs ϩ (10 Ϫ3 M) in a time-independent (data not shown) and apparently voltage-dependent manner (Fig. 3D) -dependent K ϩ channel (IK1/SK4), respectively (n ϭ 4 each) (Fig. 3E and data not shown) .
Effects of intracellular and extracellular pH on Kir current in mouse MS cells. Among the Kir2.x channels, Kir2.3 and Kir2.4 are known to be distinguished from the other members in that they are highly sensitive to external pH (pH o ) (4, 12) . Therefore, we next examined the pH o sensitivity of the Kir current. The whole cell currents at Ϫ100 mV at pH o 6.6 or 8.2 were normalized to the currents measured at pH o 7.4 in the same cells. The normalized currents at pH o 6.6 and 8.2 were 0.99 Ϯ 0.01 and 1.09 Ϯ 0.01, respectively (Fig. 4A) . It has been also reported that Kir2.3 is inhibited by intracellular acidification (35) . However, the whole cell current density of MS cells dialyzed with an acidic pipette solution (pH i 6.2) was similar to that with the control solution (pH i 7.4) (Fig. 4B) . The Ba 2ϩ -sensitive current densities at pH i 7.4 and pH i 6.2 were also comparable (data not shown). Kir currents in MS cells were thus insensitive to both pH o and pH i in the range tested.
Molecular expression of Kir2.1 in mammary gland of lactating mice. To elucidate the molecular basis underlying the Kir current in MS cells, the mRNA expressions of Kir2.x in the mammary gland of lactating mice were examined with RT-PCR. The expression of Kir2.1 mRNA was intensely detected in lactating mammary glands at day 15 of lactation, but not in prepregnant mammary glands (Fig. 5, A and B) . The transcripts of Kir2.2, Kir2.3, and Kir2.4 were not detected in either lactating or prepregnant mammary glands (Fig. 5A and data not shown). We next investigated the localization of Kir2.1 protein in lactating mammary glands with a specific primary antibody. Immunohistochemical analysis showed that positive staining with the Kir2.1 antibody was detected in mammary secretory cells (Fig. 6, A and B) . The labeling was diffusively distributed in the adjacent region of apical and basolateral membrane. The punctate immunoreactivity was also found in the cytoplasmic region (Fig. 6B, inset) . In Western blot analysis, strong antiKir2.1 antibody-reactive bands were observed in the microsomal lysate of lactating mammary glands, and the detected sizes were larger than the size predicted from its amino acid sequence (48 kDa) (Fig. 6C) . The treatment of the microsomal lysate with N-glycosidase F shifted the band to the predicted size (Fig. 6D) . These data indicate that Kir2.1 is expressed abundantly in microsomal fraction of the mammary secretory cells in a N-glycosylated form.
Single-channel recording of Kir current in mouse MS cells. To monitor Kir.2.1-like channel activity in intact (i.e., nondialyzed) MS cells, single-channel recording was performed in the cell-attached configuration. The pipette contained the standard potassium glutamate-rich solution (145 mM K ϩ ) and the bath was the standard NaCl-rich solution (5 mM K ϩ ). Under these conditions, we observed at least two types of channel currents. One of these was a channel characterized by fast flickering between the open and closed states with an intermediate single-channel conductance (3 of 25 patches), which was not studied in the present study in detail. The other was a 31-pS K ϩ channel current with an incidence of 28% (7 of 25 patches). Examples of the currents are shown in Fig. 7A . The channel showed inward rectification over a range of potentials (ϪVp) from Ϫ91 to 69 mV, as revealed by an increased unitary current amplitude with membrane hyperpolarization and the lack of unitary currents at potentials more positive than 29 mV (Fig. 7, A and B) . It should be noted that channel openings could be observed at ϩ9 mV (ϪVp), indicating that the channel was active at around resting membrane potential (RMP). The average unitary conductance calculated from the I-V relationships (Fig. 7B ) was 31 Ϯ 1 pS (n ϭ 17), which is similar to that of Kir2.1 (24, 33) . Additionally, when K ϩ concentration in the pipette was lowered from 145 to 30 mM by replacing with equimolar Na ϩ , the reversal potentials of the currents as estimated by extrapolation shifted toward the negative direction (Fig. 7B) . This finding suggests that the unitary current was mediated by a K ϩ -selective channel. We also found that when [K ϩ ] o (i.e., [K ϩ ] bath ) was increased from 5 to 154 mM, unitary current amplitudes decreased at potentials (ϪV p ) more negative than Ϫ51 mV and the estimated reversal potentials of the currents shifted toward the negative direction without changing the slope conductance (Fig. 7C) . Based on the assumption that intracellular and extracellular (i.e., pipette solution) ionic concentrations across the patch were constant, the results strongly suggest that membrane K ϩ conductance plays a role in setting RMP of intact MS cells.
The possible role of Kir2.1-like channels in the maintenance of the resting membrane potential. To further elucidate the role of Kir current on the maintenance of RMP of native MS cells, the effects of Ba 2ϩ on zero-current voltages were assessed in current-clamp experiments using a pipette solution containing 10 Ϫ7 M free Ca 2ϩ . This free Ca 2ϩ concentration is equivalent to that of the basal level reported for freshly isolated mammary acinar cells (40) . We first confirmed that the Kir current was strongly and moderately inhibited by 10 Ϫ4 and 10 Ϫ5 M external Ba 2ϩ , respectively, even in this experimental condition (data not shown). As shown in Fig. 8 , addition of Ba 2ϩ (10 Ϫ4 M) to the bath solution induced depolarization of zero-current voltages by 9.7 Ϯ 2.1 mV (n ϭ 6). We also found that a lower concentration of Ba 2ϩ (10 Ϫ5 M) depolarized by 3.8 Ϯ 0.9 mV (n ϭ 4). These results indicate that cell potentials of MS cells were highly sensitive to external Ba 2ϩ . Although the pipette solution could not fully replicate the intracellular ionic composition of intact MS cells, these results may also suggest that Kir2.1-like channel activity contributes, at least in part, to the maintenance of the RMP.
DISCUSSION
Potassium channels are critical for a variety of cellular functions including transepithelial fluid and electrolyte transport in exocrine glands (27, 36, 45) . However, direct evidence for functional expression of a K ϩ channel in native MS cells has been lacking at the single-cell level. In the present study, we show that Kir2.1-like channel activity exists in fully differentiated MS cells freshly isolated from lactating mouse mammary gland. To the best of our knowledge, this is the first report of a specific K ϩ channel functionally expressed in native MS cells.
Using the standard whole cell patch-clamp technique, we found that mouse MS cells exhibit an inwardly rectifying K ϩ (Kir) current. Our data also provide compelling evidence that the native Kir current has similar characteristics to those reported for heterologously expressed Kir2.x channels, especially Kir2.1. Firstly, I-V relationship of the native whole cell Kir current showed strong inward rectification (Fig. 2, C and E) , and a slope conductance of the inward current was approximately proportional to the square root of external (Fig. 2D ) (11) . Second, in addition to being inhibited voltage dependently by external Cs ϩ , the native Kir current was inhibited by external Ba 2ϩ in a manner that is concentration-, voltage-and timedependent, as shown for Kir2.x channels (11). Particularly, a K d value (5.1 M) for Ba 2ϩ block estimated for the native current is quantitatively similar to those reported for cloned Kir2.1 (K d ϭ 2.7-8 M) (1, 32, 34, 42, 44) and Kir2.2 (K d ϭ 0.5-6 M) (32, 34, 44) . Considering that the sensitivity of the native Kir current to external Ba 2ϩ were underestimated due to the uncompensated voltage error derived from series resistance, the native Kir current appears to be more sensitive to Ba 2ϩ than Kir2.3 (K d Ͼ 10 M) (34, 46) and Kir2.4 (K d Ͼ 65 M) (42, 44) . From this viewpoint, the fractional Cs ϩ (1 mM)-sensitive currents that are estimated by the ratio of the currents in the presence of the blocker to those in its absence at different membrane potentials (Fig. 3D) seem to be comparable to that determined under similar experimental conditions for Kir2.1 (43) , which has ϳ100-fold lower sensitivity to block by external Cs ϩ than Kir2.2 and Kir2.3 (28, 41) . Third, singlechannel recordings with a high K ϩ pipette solution from MS cells in the cell-attached patch configuration revealed a K ϩ channel current with strong inward rectification and with an average unitary conductance of 31 pS, which is within the range reported for Kir2.1 (33) In the present study, the native Kir currents in MS cells were insensitive to both extracellular and intracellular pH in the range tested (pH o ϭ 6.6 -8.2, pH i ϭ 6.2-7.4, Fig. 4, A  and B) . The findings appear to be consistent with the characteristics reported for Kir2.1 (4, 35) and thus may strengthen the conclusion that the native currents are mediated by Kir2.1-like channels. However, Kir2.1 is also shown to be inhibited by internal protons with a K i value of pH 6.2 in the absence of intracellular Mg 2ϩ and polyamine that block the channel by direct voltage-dependent pore block and by reduction of single-channel conductance (39) . It would be thus interesting to examine if the native currents become sensitive to intracellular protons under such an experimental condition.
What are the physiological roles of the Kir channel in native MS cells? It has been well known that despite its strong inward rectification, small outward currents through Kir2.1 contribute to the control of the resting membrane potential (RMP) in a wide variety of cell types (11) including exocrine gland acinar cells (10, 17) . Some of our data may allow us to speculate that Kir2.1-like channels could be involved, at least in part, in the generation and maintenance of RMP also in MS cells. The Kir2.1-like channels in MS cells also conducted small but significant outward currents (Fig. 2F ). An inwardly rectifying 31 pS K ϩ channel could be active at RMP (Fig. 7, A and B) . In addition, RMP might be maintained partly by membrane K ϩ permeability (Fig.  7C) . Furthermore, external Ba 2ϩ (10 Ϫ4 and 10 Ϫ5 M) that inhibited the native Kir current shifted the zero-current voltage to the depolarizing direction. Thus, by maintaining RMP, Kir2.1-like channels could contribute to slow and continuous secretion of electrolytes of the aqueous phase of milk, a feature of mammary gland secretion.
It has been reported that K ϩ influx through Kir channels plays a role in keeping the extracellular K ϩ homeostasis in astrocytes (30) and retinal pigment cell (20) . Likewise, if Kir2.1-like channels are expressed in the apical membrane of MS cells, their strong inward rectifying property could be suitable for absorption and thus modification of K ϩ content stored in the lumen of MS cells, although this scenario requires the hyperpolarization of the apical membrane beyond the potassium equilibrium potential (E K ) that is determined by the transmembrane concentration gradient of K ϩ . In cell-attached patch-clamp experiments, we detected Kir2.1-like channel activity at a relatively low rate (28%), even though whole cell Kir2.1-like currents were observed in all MS cells tested. The apparent discrepancy might imply that functional Kir2.1 channels are localized to the distinctive region of the apical or basolateral membrane. We, however, could not observe such a specific localization of Kir2.1 to the plasma membrane in the present immunohistochemical analysis. Further detailed studies on localization of Kir2.1 will provide an important clue to understand its physiological role in MS cells.
Finally, our data do not preclude the possibility that other types of ion channels are also functional in intact MS cells under physiological conditions. In fact, when dialyzed with a pipette solution containing 10 Ϫ7 M free Ca 2ϩ , MS cells exhibited other membrane currents, which were not characterized in detail in this work, as well as the Kir currents (Fig. 1, C and D) . In any case, further investigation will be needed to elucidate the physiological impacts of the native Kir2.1-like channel in intact MS cells.
In conclusion, we have demonstrated that functional Kir2.1-like channels are expressed in secretory cells freshly isolated from the mammary gland of lactating mouse. Because the ionic contents in the aqueous phase of milk are varied among mammalian species, different types of K ϩ channel in MS cells might play a role in producing species-specific milk. Conversely, particular types of K ϩ channel might be generally expressed and participate in milk production in mammalian MS cells. Therefore, it would be interesting to investigate whether Kir2.1-like currents are specific for native MS cells of mice or they are commonly active in MS cells of other species. This study is a first step toward better understanding the mechanisms of lactation. Characterizing functional ion channels and their cross-talk in native MS cells will be helpful to know how MS cells secrete and preserve ionic components of milk stored into the lumen.
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